The gpr gene, which codes for the protease that initiates degradation of small, acid-soluble proteins during spore germination, has been cloned from Bacillus megaterium and Bacilus subtilis, and its nucleotide sequence has been determined. Use of a translational gpr-lacZ fusion showed that the B. subtilis gpr gene was expressed primarily, if not exclusively, in the forespore compartment of the sporulating cell, with expression taking place approximately 1 h before expression of glucose dehydrogenase and ssp genes. gpr-lacZ expression was abolished in spoIlAC (sigF) and spolIlE mutants but was reduced only -50% in a spoIJIG (sigG) mutant. However, the kinetics of the initial -50% of gpr-lacZ expression were unaltered in a spolliG mutant. The in vivo transcription start site of gpr has been identified and found to be identical to the in vitro start site on this gene with either ECFF or ECG. Induction of CG synthesis in vivo turned on gpr-lacZ expression in parallel with synthesis of glucose dehydrogenase. These data are consistent with gpr transcription during sporulation first by ErF and then by EYG.
During the first minutes of germination of spores of Bacillus species, 10 to 20% of the dormant spore's protein is degraded to amino acids (21) . The proteins degraded in this process are a group of small, acid-soluble spore proteins (SASP), and their degradation is initiated by an endoprotease also present in the spore (20, 21) . This protease has been purified from Bacillus megaterium spores and is specific for cleavage within a pentapeptide sequence found in all SASP (9, 23) . The protease is synthesized during sporulation within the developing forespore as a polypeptide of 46 kDa (P46) (9, 10) . Approximately 1 h after its synthesis, P46 is converted to a polypeptide of 41 kDa (P41), which is the form found in the dormant spore (10) . Early in spore germination, the enzyme is processed again, being converted to a slightly smaller polypeptide of 40 kDa (P40) (7, 10) . The active form of the protease is a tetramer, and P40, P41, and P46 all form tetramers (7, 9) . However, only P40 and P41 exhibit enzymatic activity in vitro (7) .
It is clear that the activity of this SASP-specific protease is regulated at a variety of levels. First, the gene coding for the protease (termed gpr [27] ) appears to be expressed only in the forespore for a defined time in sporulation, presumably as a result of regulation at the transcriptional level, although this has not yet been proven. Second, since the protease polypeptide undegoes multiple processing reactions, at least one of which appears to activate the enzyme, there is also regulation at the posttranslational level. However, nothing is known of the mechanism(s) or regulation of these transcriptional and posttranslational events. As an initial step toward a detailed understanding of the regulation of this spore protease, in this communication we 
MATERIALS AND METHODS
Organisms and plasmids used and isolation of nucleic acids. The B. megaterium, B. subtilis, and Escherichia coli strains used are described in Table 1 . The sources of Agtll and various plasmids have been described previously (6, 26, 27) . B. megaterium and B. subtilis chromosomal DNA was isolated and purified as described previously (2, 6) . Plasmid DNA was isolated from E. coli strains grown overnight in L broth plus 0.5% glucose with the appropriate drug (ampicillin [50 ,ug/ml], tetracycline [10 ,ug/ml], or chloramphenicol [10 ,ug/ml]) as needed and purified by CsCl gradient centrifugation if necessary. Xgtll derivatives were grown and phage DNA was isolated as described previously (6) . B. subtilis strains were made competent and transformed as previously described (2, 11, 12) .
Molecular genetic methods. DNA fragments were separated by agarose gel electrophoresis, and individual fragments were isolated as previously described (6) . Fragments to be labeled for hybridization probes were separated by using low-gel-temperature agarose and labeled by random priming. DNA hybridization analyses were carried out after electrophoretic separation of fragments and their transfer to nitrocellulose paper as described by Southern (2, 25) . Hybridization analyses were carried out at 68°C for detection of homologous DNA fragments and at 52°C for detection of heterologous DNA (2, 6) .
DNA was sequenced either by the method of Maxam and Gilbert (13) or by the chain termination method, using DNA fragments cloned in pUC vectors (18) . All sequences reported were determined completely in both directions, and all restriction sites used in cloning fragments for sequencing were sequenced across.
Isolation and analysis of enzymes. The B. megaterium spore protease was purified to homogeneity from 40 g of dry spores as described previously (9) . Amino acid analysis of the purified protein and automated sequenator analysis of the protease were also carried out as previously described (1) . RNA polymerase from B. subtilis strains was purified through the heparin-agarose step and assayed as described previously (26) . Specific B. subtilis strains were used to produce RNA polymerase preparations containing either EuG or ECFF or neither EuF nor E(JG was as recently described (16).
1-Galactosidase produced from the gpr-lacZ fusion as well as glucose dehydrogenase were assayed in sporulating cells after direct lysozyme treatment as previously described (11) . In some cases, samples were first treated with urea and sodium dodecyl sulfate to remove spore coat proteins and render maturing spores sensitive to lysozyme (11) .
Analysis of gpr mRNA by primer extension and in vitro transcription. The 5' end of B. subtilis gpr mRNA in vivo was determined by primer extension analysis as described previously (3, 16) . The primers used were 20-and 30-residue synthetic oligonucleotides from the amino-terminal coding region of the gpr gene (see Fig. 3 ). The RNA for analysis was isolated from sporulating cells as previously described (16) . The extended products were analyzed on a 6% polyacrylamide sequencing gel adjacent to the four lanes of a DNA sequencing ladder obtained from the cloned gpr gene by the Mbo 
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Hind I I Nsi dideoxy-chain termination procedure, using the 5'-32P-labeled 20-and 30-residue oligonucleotides noted above as the primer.
In vitro transcription of plasmid DNA containing the gpr promoter was carried out with (x-32P-labeled UTP and RNA polymerase preparations containing various sigma factors; transcription products were analyzed as described previously (16 We screened for the gpr gene by analyzing phage plaques for protease antigen by the procedure of Young and Davis (29) , using antiserum to the B. megaterium spore protease prepared as described previously (9) a 0.7-kb insert which expressed spore protease antigen. Use of this initial fragment as a hybridization probe allowed isolation of a 1.8-kb MboI fragment and a 1.6-kb ClaIBamHI fragment in pUC vectors. Together, these two fragments encompass the complete gpr gene (Fig. 1) . DNA sequence analysis of the cloned fragments showed the presence of a long open reading frame in this region ( Fig. 1 and  2 ) and identified the initial 0.7-kb fragment cloned in Agtll as a HaeIII fragment (vertical arrows in Fig. 2 ). To prove that the gene we had cloned did indeed code for the spore protease, we determined the amino-terminal 15 amino acids of purified P40 from B. megaterium (Table 2) . Gratifyingly, this sequence was in perfect agreement with amino acid residues 12 to 26 in the predicted coding sequence (Fig. 2) .
Subsequent use of the 1.2-kb NsiI-XbaI fragment from the B. megaterium gpr gene (Fig. 1) as a hybridization probe allowed the determination of the restriction map of the B. subtilis gpr gene (Fig. 1 ) and the cloning of two fragments (0.8-kb HindIII and 1.1-kb EcoRI-PstI) encompassing the entire coding sequence. Surprisingly, it proved impossible to clone the HindIII fragment by itself in pUC vectors; in these vectors it was only cloned together with a second B. subtilis HindIII fragment. However, the 0.8-kb HindIII fragment was cloned alone in pBR325. DNA sequence analysis of the B. subtilis gpr gene (Fig. 3) showed that the protein coded for was extremely homologous to that of B. megaterium, showing -68% identity (Fig. 4) .
The coding sequences of both the B. megaterium and B. subtilis gpr genes are preceded by sequences homologous to the 3' end of 16S rRNA from Bacillus species (Fig. 2 and 3) . The termination codon is not followed by any obvious stem-loop structure which might be a rho-independent transcription termination site. However, there is no open reading frame of more than 40 amino acids which begins either at or shortly after the 3' end of the gpr gene coding sequence.
Comparison of the B. subtilis gpr amino acid sequence with those of the B. subtilis serine proteases (24) or metalloprotease (28) revealed no significant homologies (data not shown). This suggests that the gpr gene did not evolve from a common ancestor of the subtilisin gene or, if it did, that it has undergone much divergence. Since the properties of the spore protease (tetrameric, highly sequence specific requirement for substrate) are very different from those of other known B. subtilis proteases (monomeric, relatively nonspecific sequence specificity for substrate), the lack of homology between the spore protease and other B. subtilis proteases is possibly not surprising. Expression of the gpr gene during sporulation. Previous experiments using antisera against the B. megaterium spore protease have shown that this protein appears only during sporulation, at or before the time of appearance of its SASP substrates (9, 10) . We have determined these kinetics more precisely for the B. subtilis gpr gene by measuring its expression through use of a translational lacZ fusion. A 0.32-kb EcoRI-HincII fragment from within the coding sequence of the B. subtilis gpr gene (Fig. 3) (Fig. 5) (22) . The fall in apparent levels of both ,-galactosidase and glucose dehydrogenase as sporulation proceeded is due to the resistance of maturing spores to direct lysozyme extraction, as has been seen previously with other forespore-specific genes (11) . Indeed, comparison of the ratios of gpr-lacZ to glucose dehydrogenase in directly lysozyme extracted cells with maximum levels of these activities and in mature spores extracted with lysozyme after removal of spore coats showed that the two ratios were almost identical (data not shown). Since glucose dehydrogenase is made only in the forespore (5, 22) , this finding suggests that the gpr gene is also expressed only in the forespore. A similar conclusion was reached previously in B. megaterium when gpr gene product levels were measured directly in forespores and whole sporulating cells (9, 10) .
The gpr-lacZ fusion was also integrated into strains carrying various asporogenous mutations, and maximum lacZ (as well as glucose dehydrogenase [gdh]) expression was measured during sporulation. As found previously with a number of forespore-specific genes (11, 22) , gpr-lacZ expression was not blocked by a mutation in a gene which regulates mother cell gene expression, spoIIIC, nor by a mutation in the spolIIB or spoIIID locus (Table 3) . However, gpr-lacZ expression was blocked by a mutation in the spoIIAC locus (which codes for the RNA polymerase sigma factor uF) and by a mutation in the spoIIIE locus (Table 3) . In contrast to results with other forespore-specific genes, gpr-lacZ expression was decreased only -60% by the spoIIIA53 mutation and only 40 to 70% by a deletion in the spoIIIG locus (Table   3) , which codes for the forespore-specific sigma factor a' (8, 26) . Examination of the kinetics of gpr-lacZ expression in the spoIllG mutant indicated that the initial synthesis of ,-galactosidase was relatively little affected, although later expression was greatly reduced (Fig. 6 ). This experiment was repeated three times with similar results. However, the maximum level of P-galactosidase attained in the spoIllG mutant varied between 30 and 60% of wild-type levels (data not shown).
Transcription start site on the gpr gene in vivo and in vitro. (Fig. 3) 
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A I * * * K * * * V * * * S V * * * * C * T * K^* E A M E E - Strain PS1029 was grown and sporulated, and glucose dehydrogenase and ,B-galactosidase were assayed after direct lysozyme extraction as described in Materials and Methods. The maximum P-galactosidase activity found during sporulation of the gpr-lacZ fusion was -55 Miller units. Symbols: O, optical density; 0, P-galactosidase; 0, glucose dehydrogenase. The numbered arrows denote the times of isolation of cells for extraction of RNA for primer extension analyses (see Fig. 7 ).
RNA polymerase containing either UF or a' (16; see Discussion). Consequently, we tested gpr transcription in vitro with both EurF and EaG (Fig. 8) . Strikingly, both EaF and Ea' initiated transcription on a gpr template at approximately the same point as the in vivo start site (Fig. 3) , since both gave a 181-nucleotide runoff transcript with the EcoRIcut template (Fig. 8) as well as a 165-nucleotide transcript with KpnI-cut gpr template (data not shown). When the efficiency of EaF and EUG on a gpr template was measured Although EuF was more efficient than EuG at gpr relative to sspE transcription in vitro, a spoIIIG mutation did reduce gpr-lacZ expression significantly. Consequently, we tested whether induction of uG synthesis in vivo would in turn induce gpr-lacZ expression, as was observed previously with many forespore-specific genes (26) . Indeed, induction of uG synthesis in vegetative cells of B. subtilis resulted in substantial induction of gpr-lacZ expression compared with uninduced control cultures (Fig. 9) . The kinetics of induction of gpr-lacZ expression were similar to those of glucose dehydrogenase, a known crG-dependent gene (15, 22, 26) .
DISCUSSION
As was suggested earlier on the basis of analysis of the level of gpr gene product in isolated forespores, the gpr gene is expressed primarily, if not exclusively, in the forespore (9, 10) . Analysis of the effects of asporogenous mutations on gpr-lacZ expression is consistent with gpr expression in the forespore; gpr expression was not affected by mutations (spoIIIB, spoIIIC, and spoIIID) that abolish mother cell but not forespore gene expression but was abolished by mutations (spoIIIA, and spoIIIE) that selectively block forespore gene expression. In this respect the gpr gene behaves much as do other forespore-specific genes or operons such as gdh, gerA, spoVA, and ssp (3, 22, 26 activity of these holoenzymes on sspE, a known cG-dependent gene (26 While regulation of gpr expression presents some features not previously seen with other forespore-specific genes, of possibly greater interest is the nature and regulation of spore protease processing. Previous work has indicated that the initial product of the gpr gene, P46, is processed at least twice to lower-molecular-weight forms and that the timing of these processing steps (i) is regulated and (ii) in turn regulates the activity of the protease (7, 10) . The identification of at least one processing site has been made in this work, since the mature B. megaterium P40 lacks the 18 amino-terminal residues coded for in the gene. This region of sequence is highly conserved in B. megaterium and B. subtilis and removes -2 kDa in molecular size from the complete protein. However, it is not clear whether this cleavage site represents P46-*P41 or P4!-P40 processing, nor
is it clear what enzyme(s) is carrying out this cleavage. However, the amino acid sequence around this processing site exhibits no homology with the SASP sequence recognized and cleaved by the spore protease, thus indicating that the spore protease does not process itself, as was suggested earlier on other grounds (9, 17, 20) . Recently, we have been able to use the cloned B. megaterium gpr gene to overproduce P46 in E. coli (26a) . This should provide a substrate for identification and characterization of enzymes catalyzing spore protease processing. These processing reactions take place at key periods of development, i.e., very late in sporulation as the spore becomes dormant (P46-'P41) and very early in spore germination (P41-3P40). It is possible that analysis of the processing enzymes, in particular how they are regulated, will provide insight into physiological changes taking place with the spore during these periods in development.
